The objective of this paper is the identification of generalised Maxwell slip (GMS) friction model using a new proposed switching function. The GMS friction model is composed of two phases and a switching function, which guarantee the transition from one phase to another. The switching function is based on the friction model and its parameters which are unknown. Hence, a new switching function is proposed in this paper. The new switching function is validated experimentally. The identification of the GMS friction model is done using online least square estimator combined with filtering approaches and a linearisation in order to adopt the formulation of the friction model to the estimator mechanism. Moreover, the new proposed switching function is integrated with the process of the identification and it is validated using an experimental test. The experimental results show that the switching function proposed is convenient for the identification of the friction model.
Introduction
Friction is a complex phenomenon which can be found in mechanical systems with surfaces in contact and in relative motion. Friction can be a desired phenomenon like the friction for brake systems in vehicle and can be undesired particularly in control of mechanical systems. In fact, friction can cause shuttering, limit cycle (Olsson and Astrom, 2001) , deterioration of performance and sometimes friction can introduce instability in control systems.
Hence, in order to improve the performance of mechanical systems, the identification of friction is crucial.
In fact, to identify friction, a convenient mathematical model that describes the physical behaviour of friction should be derived. Examples of such models have been studied by many researchers including Olsson et al. (1998) , Yi-Ti and An-Chen (2003) , Merola et al. (2015) , Guo et al. (2015) and Mercorelli (2014) .
In literature, the modelling of friction was started by static models (Armstrong-Helouvry et al., 1994) . Then, dynamic models were introduced. However, all models proposed presented only a part of friction behaviour. Recently, Al-Bender et al. (2004a , 2004b , 2005 introduced a new dynamic model which represents almost the entire behaviour of the friction model and can be used for identification purposes as well.
The new model was named the generalised Maxwell slip (GMS) friction model and it was described by two dynamics equations because it has two phases. The transition between the two phases is governed by a switching function. This function is based on the magnitude of the friction force and the values of the parameters of the model which, are both unknown. Hence, for the identification of the friction, it is difficult to detect the instant of switching between the two phases of the friction.
The GMS friction model was used for identification in many studies. In fact, Nilkhamhang and Sano (2007) proposed an adaptive compensation using the GMS model in which they assumed the dynamic component of the friction as perturbation and the friction was described by the static component only. This assumption, however, was very restrictive because the effect of dynamic friction is very important in systems with very slow velocity. Zschack et al. (2012) proposed an extended model for the GMS friction but they needed to adjust their approach online because it is difficult to use.
Another proposed procedure for identification of the GMS friction model was introduced by Grami and Bigras (2008) , Grami and Aissaoui (2011) and (Grami and Gharbia (2013) . The model was able to identify both phases of the friction model online and at the same time. The drawback of this procedure, however, is that the switching function was assumed known. This assumption is very restrictive because the switching function is based on the friction force and the parameters of the model, which are completely unknown.
The objective of this work is to solve the problem of the switching function by proposing a new alternative solution which can be used in practical cases and can be easily implemented. The proposed solution is an approximation of the switching function (approximated switching function) and it will be validated experimentally in the identification process of the friction force.
The paper will be organised as follows: the problem statement will be presented in Section 2. In Section 2, a detailed model of the GMS friction will be given. The objective of Sections 4 and 5 is to present the least square estimator and how it is used for the identification of the friction force. In Section 6, the ideal and the proposed switching functions are fully described. The last section will cover the experimental validation of the proposed switching function. The paper will end with some concluding remarks.
Problem statement
The identification of the friction force and its parameters is presented using online least squares estimator. The model consists of a mass moving on a rough surface. The mass is moved by the force u and it is subject to friction force F (Figure 1) . The dynamic equation of the motion is determined by Newton's second law:
where m is the mass of the system in kg and v is the acceleration of the system in m/s 2 . The friction force is described by the GMS model which is the recent model of friction in literature and it will be presented in details in the next section.
The compensation of the friction force is very important in control systems with surfaces in contact. It should be embedded in the control law. Hence, the identification of the friction force is necessary. The GMS friction model has two phases and a switching function that guarantees the commutation between the two phases of the GMS friction model. However, the switching function is based on unknown parameters of the friction model and as a result, the exact instant of switching cannot be known during the process of identification. The objective of this paper is to propose another alternative to solve the problem of the switching function. 
GMS friction model
The GMS friction model proposed by Al-Bender et al. (2004a , 2004b , 2005 is the most recent friction model presented in literature. It is the most complete model which represents the majority of microscopic and macroscopic behaviour of friction phenomena. The GMS model is characterised by two phases: pre-sliding phase and sliding phase. Both phases are described by a dynamic equation. A switching function guarantees the transition between the two phases.
The microscopic behaviour of the friction can be described by N masses attached to N springs as shown in Figure 2 . These springs have a common input which is the velocity. Hence, the dynamic equation of the GMS friction model can be given as follows:
• If the stage i is in pre-sliding phase, the dynamic equation of the friction is
and the stage i will be in pre-sliding phase until
• If the stage i is in sliding phase, the dynamic equation of the friction is
and the stage will be in sliding until the velocity crosses zero (second switching function).
where k i is the coefficient of elasticity, F i is the friction force of the stage i and C is a constant that characterises the hysteresis phenomenon in the friction force. 
The total friction force is given by
where F v is the viscous friction.
Assumption 1: In order to simplify the equation of the friction model, only one stage is assumed. It means that N takes the value 1. These results in simplifying the Stribeck function as follows:
where σ c and σ s are the Coulomb and static coefficients, respectively and θ s is the Stribeck coefficient.
Assumption 2: Because the viscous friction F v in the equation (5) is a linear term added to the friction model is straightforward to be identified by any classic method. Moreover, to identify the two phases of the friction, a very small velocity should be used so the viscous friction can be assumed negligible.
The switching function in the friction model is defined by two instants: The first instant takes place when the friction force equals the Stribeck force. The second instant occurs when the velocity crosses zero. For the later instant, it is detectable because the velocity is measurable but the first instant is not detectable because neither the friction force nor the Stribeck function is measurable. The equation (2) describes the dynamic of the friction force in the pre-sliding stage. This equation is linear over the unknown parameter (k). The identification of this parameter in then straightforward using the algorithm presented in the next section.
The equation (3) represents the dynamic of friction in the sliding stage. This equation is nonlinear over the unknown parameters (C, α, σ c , σ s , and θ s ). Hence, the approach presented in this paper will solve the problem of the nonlinearity of the model of friction as well as the problem of switching between the two stage of the friction [equations (2) and (3)]. Moreover, the approach will combine the two equations of the friction model in one equation suitable for the algorithm of identification.
Least square estimation
The online least square estimation developed by Lozano and Taoutaou (2001) will be used for the identification of the friction model. The objective of this section is to present in details the least square estimator. The estimator is based on following equation:
where θ is the vector of unknown parameters and φ is the regressor vector which is known.
The matrix of the estimator is defined as follows:
so we have
Hence, the following equation can be written:
and then
The dynamic of the estimator will be as follow:
so the dynamic of the estimator can be written as follows:
( 1 5 ) where the dynamic of the matrix P is given by
The estimation algorithm is governed by the equation (15) and the equation (16). These two equations will be integrated in the next section in order to identify the parameters of the friction model and the friction force.
Application of the online least square estimation to the friction model
The aim of this section is to apply the least square estimator in order to identify the parameters of the friction model. However, the estimator is based on a linear equation [equation (7)] and the equation of friction force is nonlinear over its parameters [equation (3)]. Hence, the estimator cannot be used directly to identify the parameters of the friction model. To overcome this problem, an approximation combined with a linearisation is proposed to transform the friction model to an equation that can be used by the estimator (Grami and Bigras, 2008) . In fact, the linearisation is proposed about a nominal value N s θ of θ s and the approximation is proposed by the following equation
where σ c ≤ g m ≤ σ s (Grami and Bigras, 2008; Grami and Aissaoui, 2011) . Using the proposed linearisation and the approximation, the equation (3) can be written as follows: Thanks to the approximation and the linearisation, the equation of friction model in sliding phase is transformed to a linear equation over the unknown parameters. Therefore, the entire friction model with its two phases can be formulated as follows. 
Pre-sliding phase

Sliding phase
In the sliding phase, the equation of the friction model can be given by
where
Finally, the dynamic equation of the friction is formulated, in both phases, by the same equation which is convenient to the least square estimator presented in the equation (7). To be able to identify the friction parameters in both phases (pre-sliding and sliding) and at the same time, a commutation function Q(t) is proposed by: ( ) 0 if the system is in sliding phase ( ) 1 if the system is in pre-sliding phase
Hence, owing to the proposed commutation function (25), the dynamic equations of the friction in both phases are combined together in one equation which can be written as follows: (24) contains the term of friction force F which is unknown. This problem can be solved using a filtering approach. In fact, the filtered friction force can be obtained from a known signal like the velocity and the control signals. The detail of this method is presented in Figure 3 . As shown in Figure 3 , the filtered friction force is obtained from accessible signals using a first order filter. To use this procedure, we have to apply the same filter for both sides of equation (1) 
Proposed switching function
In this section, the switching function which guarantees the transition between the two phases of the friction model is presented. The ideal switching function is the function used by the model of friction and it is given in equations (2) and (3). The approximated switching function is the new proposed switching function which can be used in the procedure of identification instead of the ideal switching function. For this reason, the ideal switching function is presented in detail and its drawback is shown. Then, the approximated switching function is introduced.
Ideal switching
The GMS friction model consists of two phases. Each phase is characterised by its own dynamic equation. These two phases are pre-sliding and sliding phases. Switching functions provide a transition from one phase to the other under specified conditions. Indeed, according to equations (2) and (3), the transition from pre-sliding phase is provided by a condition of equality between the amplitude of the frictional force, at the time of transition, and the Stribeck function at the same time as given by the following:
where t i is the previous switching time from the sliding phase to pre-sliding phase; which represents the time corresponding to the last time when the velocity was zero. The switching function translates these ideal conditions for transition between the two phases. In a practical manner, the transition from the pre-sliding phase is easy to detect because velocity is a measurable quantity, whereas the transition from the sliding phase represents a problem because the condition F = S(v) is not fully known: the Stribeck function S(v) depends on estimated parameters [see equation (6)]. So, the ideal switching function can not be implemented in the identification procedure.
Approximated switching function
To overcome the problem of the ideal switching function, an approximation of the switching condition between pre-sliding and sliding phases is proposed. This condition is built in three steps: the first step is to find a priori value k of stiffness coefficient k. It can be determined by a test in the pre-sliding phase. Indeed, to determine the coefficient of stiffness k, a very low velocity test can be performed to chart the characteristic of friction versus displacement (hysteresis curve in pre-sliding phase). The measurement of the highest slope in this curve gives the value of the stiffness coefficient k in pre-sliding phase.
The second step is to find a priori value of Coulomb friction coefficient .
c σ This value can be determined by identification using any offline method. The last step is to approximate the switching function by the following: (v) . The quantity ε is introduced to prevent the switching condition to be satisfied at the beginning of the integration during the implementation. Indeed, at time t i , the condition becomes c c σ σ + > which can be artificially checked easily due to the sampling.
Experimental results
The purpose of this section is to validate the proposed switching function using real data from an experimental test. In fact, during the experiment, an identification of the friction force is done in order to identify the unknown parameters of the friction model using the approximated switching function. In order to validate the approximated friction by an experimental test, the experimental setup shown in Figure 4 was used. The setup was composed of two computers. One computer is running the real-time program (XPC) and the second in running MATLAB Software. The main part of the setup is a linear motor holding a mass to create a contact surface in which there will be a friction force. The linear motor is using a position sensor used for measuring the position. The velocity is derived from the position in the real-time program. A force sensor is used to measure the force of the load applied on the mass by the linear motor. Using an offline estimation, a priori value of k and σ are found (k = 2.5105 and σ = 2.7). Based on the a priori values, the approximated switching function is built and used with the online estimator in order to identify the friction model parameters and then the friction force.
As the first part of the results, Figure 5 shows the difference between the ideal and approximated switching functions. The ideal switching function is presented by dashed line in the figure and the approximated switching is presented by solid line. So as shown in the figure, at the instant when the velocity crosses the zero value both switching functions change from the value zero to one which is presented in the first part of the figure and at the instant of switching from pre-sliding to sliding phase, the approximated switching represents a small delay compared to the ideal switching. The delay is because of the approximation introduced to the switching since the approximated switching is built using an estimated values of the parameters k and σ c . The delay introduces a small perturbation in the sliding phase, but the least square estimator seems to not be affected by this perturbation as will be presented in the next figures. Concerning the results of the parameters identification of the friction model, they are shown in Figure 6 to Figure 10 . The estimated parameters of the vector θ from equation (26) converge to constant values. In fact, in Figure 6 and shown in Figure 9 and the estimated value of θ 5 = θ s (Figure 10 ) converge to a high value because both parameters contain the parameter θ s which is very high.
Using theses values, the parameters of the equation (2) and the equation (3) can be found easily and then the estimated friction force can be calculated based on the estimated values and the approximated switching function. As shown in Figure 12 , the estimated and the experimental friction forces are close even with estimated parameters which are based on the approximated switching function. Hence, based on these results, the approximated switching function is validated experimentally so it can be used for GMS friction identification.
In Figure 11 , the experimental velocity and the approximated switching function are presented together to show that the switching function changes its value when the velocity crosses zero and then comes back to its previous value when the friction force is approximately equal to Stribeck friction [equation (2)]. The friction force is calculated using the a priori values found before.
Conclusions
In this work, a new switching function for the GMS friction model was proposed. The switching function guarantees the commutation between the two phases of the friction model. The proposed switching function is validated experimentally and it is used in the identification of the unknown parameters of the friction model, as well as the friction force. In fact, through this paper, the GMS friction model and the least square estimator used for the identification are presented in detail. Filtering approaches and linearisation were used in order to transform the formulation of the friction model linear over the unknown parameters. The ideal and the approximated switching functions were presented in detail and the approximated switching function was used in the experimental identification process of the parameters of the friction model. Therefore, based on the estimated parameters and the proposed switching function, the estimated friction force is calculated. The results of the friction identification showed a very small deviation between the experimental and the estimated friction force. Hence, the proposed switching function can be used in the experimental identification of friction. Moreover, since the identification is online then the proposed switching function can be embedded in the friction compensation process.
